We report experimental observation of bound states formed by two well-separated vector spatial solitons as the result of a force balance between vector-soliton components. We also demonstrate a link between such soliton bound states and two-hump, two-mode solitons, along with the induced coherence effect observed for incoherently interacting solitons.  2000 Optical Society of America OCIS codes: 190.5530, 190.7070, 350.7420, 190.0190. Optical spatial solitons have become a topic of active research, promising many realistic applications 1 and opening new directions in nonlinear physics.
Optical spatial solitons have become a topic of active research, promising many realistic applications 1 and opening new directions in nonlinear physics. 2 In the simplest case, a spatial soliton is a single self-guided beam of specif ic polarization and frequency. Selftrapping of two components with different polarizations or frequencies can form a vector soliton. In general, one can introduce mutual beam incoherence to form vector solitons, as in the case of incoherently coupled photorefractive solitons, for which each component has the same polarization and frequency. 3, 4 One can also employ more than two components to form multicomponent vector solitons. 5 When the components of a vector soliton are represented by higherorder modes of the induced waveguide, the soliton structure becomes complicated, and often its intensity prof ile displays several peaks, creating multihump, multimode solitons. 6 Perhaps the most fascinating behavior of optical solitons comes from their interaction. When two bright solitons are mutually coherent, the interaction force between them can be attractive or repulsive, depending on their relative phase. An example is the coherent interaction between the fundamental solitons of the nonlinear Schrödinger equation. 7 In contrast, when the solitons are mutually incoherent, the interaction force is always attractive, as in the case of two orthogonally polarized beams. 8 Various experiments have shown that scalar solitons interact as particles in many respects. 2 Interaction of multicomponent composite (or vector) solitons is based on the interplay of coherent and incoherent effects. Recently, collision and coupling between vector solitons was observed experimentally. 9, 10 In this Letter we study the simplest case of vector-soliton interaction: interaction between two bright -bright vector solitons in which each consists of two fundamental modes. In particular, we show that force balance between the interacting soliton components leads to the formation of bound states of vector solitons, which can be asymptotically transformed into the multihump, multimode solitons observed previously. 6 We also demonstrate that such bound-vector soliton states can result from the effect of induced coherence between interacting solitons. These studies may provide a new insight into the physics of recently discovered incoherent solitons. Fig. 1 ). In a self-focusing nonlinear medium, each of the components alone can form a single scalar soliton. Furthermore, components a 1 and a 2 can couple to form a two-component vector soliton; so can components b 1 and b 2 , as was observed previously. 4 However, when all components are present, interaction between vector solitons A and B occurs as a result of the coherence between the corresponding components of two different solitons. Such interaction can lead to attraction (or repulsion) of vector solitons. Therefore we expect a bound state of vector solitons to form in which the attraction force is exactly balanced by the repulsion force [see Fig. 1(c) ]. The idea of using force balance to create bound soliton pairs was proposed by Haelterman et al. 12 for interacting temporal solitons of orthogonal polarization in isotropic Kerr media. To observe such bound-vector soliton states, we arrange the experiment setup in a way similar to that used for generation of a coupled fundamental photorefractive soliton pair. 4 A laser beam from an argon-ion laser operating at 488 nm is collimated and split by a polarizing beam splitter. The ordinarily polarized beam is used as uniform dark illumination covering the entire input face of a SBN:60 crystal. 2, 4 The effective electro-optic coeff icient r 33 of the crystal is measured to be 247 pm͞V. The extraordinarily polarized beam is split into two beams (1 and 2), which we make mutually incoherent at crystal input by having their optical path difference greatly exceed the coherence length of the laser. 4 One of the two beams (e.g., beam 1) is sent through a Mach -Zehnder interferometer, which creates two in-phase components ͑a 1 and b 1 ͒ by adjusting the path delay. The other of the two beams (e.g., beam 2) goes halfway through a tilted thin glass, which creates two out-of-phase components ͑a 2 and b 2 ͒ by introducing a p-phase jump at the beam's center. All components are cylindrically focused in the transverse x direction onto the input face of the crystal and propagate collinearly along the longitudinal z direction. Each component, when its intensity is appropriate relative to the background illumination, forms a scalar screening soliton at a particular value of the bias field applied along the crystalline c axis. 4 In our first set of experiments the peak intensity and the peak-to-peak separation of the in-phase components are roughly the same as those of the out-of-phase components. At input to the crystal, the in-phase beam is lined up with the out-of-phase beam [ Fig. 2(a) ]. Without the external field, each beam diffracts as it propagates along the 8-mm long crystal. At output, constructive (destructive) interference is observed between in-phase (out-of-phase) components, owing to intensity overlap of the diffracted beams [ Fig. 2(b) ]. When both beams are on and each has a peak intensity nearly three times higher than that of the background illumination, a stationary state is achieved at a bias field of 2200 V͞cm, in which four components form two bound-vector solitons [ Fig. 2(c) ]. The peak-to-peak separation between vector solitons is ϳ21 mm, and each soliton has a FWHM of 14 mm. Such a bound state is formed because the in-phase attraction is well balanced by the out-of-phase repulsion. Indeed, when the in-phase and out-of-phase beams are decoupled (i.e., either the in-phase or the out-of-phase beam is blocked and a new steady state is reached), we observe strong attraction of in-phase solitons ͑a 1 and b 1 ͒ and repulsion of out-of-phase solitons ͑a 2 and b 2 ͒, as demonstrated in Fig. 2(d) . Because all the components involved have the same frequency and polarization, we take photographs for coupling and decoupling by using a technique based on the noninstantaneous response of our photorefractive crystal. 4 The above experimental observations are then compared with numerical simulations. The particular physical model is described by two coupled nonlinear Schrödinger equations for the normalized beam amplitudes, 3, 9 which correspond to the envelopes of the mutually incoherent in-phase and out-of-phase optical fields (1 and 2) propagating through a biased photorefractive crystal. As in the experiments, the beams propagate along the z axis and the external dc field is applied to the crystal along the x direction (parallel to the crystalline c axis). The amplitude prof iles at the crystal input ͑z 0͒ are plotted at the bottom of Fig. 1 . Coupling and decoupling of soliton states that correspond to the observed experimental results are presented at the top of Fig. 1 , where Fig. 1(a) shows the attraction when the in-phase beam is alone, Fig. 1(b) the repulsion when the out-of-phase beam is alone, and Fig. 1(c) the coupled propagation when both beams are present and they form a soliton bound state. In our simulations the normalized propagation distance z of 100 diffraction lengths corresponds to a real distance of 20 mm through the crystal. Thus Fig. 1(c) (top) clearly indicates that the interaction between two vector solitons can lead to stable propagation of a stationary soliton bound state. We point out that the stability of bound states of vector solitons is a subject of current research. 13, 14 According to numerical simulations, the instability, if any, might be too weak to be observed in our experiments because of the limited interaction length of the crystal.
Our next goal is to demonstrate a close relationship between the bound states of vector solitons and the multihump, multimode solitons. Specifically, we show experimentally that the two-hump, two-mode soliton can originate from the bound state of interacting vector solitons. Figure 3 presents our typical experimental results; Fig. 3(a) shows the in-phase and out-ofphase beams at crystal input, Fig. 3(b) the coupled output of each beam after we quickly block the other, and Fig. 3(c) the coupled output of the combined beams. When the two vector solitons are brought to a peak-to-peak separation of ϳ17 mm, the balance of interaction forces between in-and out-of-phase solitons leads to a new soliton state that has two closely separated humps in the combined intensity prof ile [ Fig. 3(c) ]. Such a two-hump soliton, in essence, is the same object as that observed earlier, 6 where it was generated by incoherent overlapping of the first and second modes in the soliton-induced waveguide. Thus our results provide an experimental proof that a two-hump, two-mode soliton forms as a transition from two interacting vector solitons at large separation to those at close separation. Such a transition between the multihump, multimode solitons and the bound states of vector solitons was discussed previously in the theoretical study of coupled nonlinear Schrödiner equations. 15 Finally, we demonstrate bound states of interacting solitons that result from the induced coherence effect. Specif ically, we make the two beams asymmetric at the input (e.g., with a 1 and b 2 much stronger in amplitude than a 2 and b 1 ). Numerically, we find that incoherent interaction of such solitons induces effective coherence between the soliton beams (such that a 1 becomes partially coherent with a 2 ; and b 1 , partially coherent with b 2 ). This leads to a periodic energy exchange between the soliton components, similar to the induced coherence effect suggested as a physical mechanism for the experimentally observed stable spiraling of twodimensional solitons in a bulk medium. 16 In the limiting case in which only two mutually incoherent beams (e.g., a 1 and b 2 ) are present and overlap strongly at the crystal input, each beam can find its coherent paring component (e.g., a 2 and b 1 , which are absent at input) to form a bound state by interaction and periodic energy switching between the two beams. Experimentally, we observe such induced coherence (Fig. 4) by appropriately launching the two beams into a 20-mm long SBN crystal. Transient attraction (Fig. 4, top) and repulsion (Fig. 4, bottom) between each soliton and its paring beam created during propagation are observed after one soliton beam is quickly blocked and before the crystal reaches a new steady state, indicating that the solitons are coupled by the induced coherence effect. It should be pointed out that the outcome of two-soliton coupling from induced coherence is highly sensitive to the initial input conditions.
The concept of soliton bound states or multicomponent localized soliton structures that exist as a result of the dynamic force balance between their constituents can be applied to a broader class of nonlinear problems as well as to different types of solitary wave. In this Letter we have demonstrated the basic concept of the force balance between interacting vector solitons in the simplest case, along with its link to the multihump, multimode solitons and the induced coherence effect.
